Cellulose nanocrystals (CNCs) are emerging nanomaterials which form chiral nematic liquid crystals above a critical concentration (C*) and additionally orient within electromagnetic fields.
Introduction
In the past decade, cellulose nanocrystals (CNCs) have gained attention due to the vast abundance of renewable cellulosic source materials, their impressive physicochemical properties, and their recent large scale commercial production. [1] [2] [3] In most cases, CNCs are prepared by sulfuric acid-mediated hydrolysis of wood pulp or plant fibers, yielding rod-like crystalline nanoparticles that are colloidally stable in water due to anionic sulfate half-ester surface groups. 4, 5 Above a critical concentration (C*), CNC suspensions spontaneously phase separate into a biphasic regime (cf. Onsager translational entropy gain 6 ) containing an upper isotropic phase and a lower anisotropic chiral nematic liquid crystalline phase. 5, 7 The critical concentration and phase behavior are largely dependent on the CNC aspect ratio, surface chemistry, and ionic strength of the suspension. 8 Many high-performance natural biocomposites (e.g. lobster cuticle and beetle shells)
result from liquid crystalline self-assembly; 8 as a result, controlling alignment and self-assembly is of interest for developing mechanically strong biomimetic materials. 9 Furthermore, chiral nematic thin films are iridescent and selectively reflect light, which may be useful for optical filters, sensors and decorative coatings. 10 CNC films with controlled optical properties and structural color have been demonstrated in both CNC-only materials 11 and CNCs combined with water-soluble polymers to improve flexibility; 12, 13 however, uniform long-range order can be challenging to achieve. Work pioneered by the Maclachlan group has moreover used CNCs to template other materials to obtain chiral nematic porous structures, including silica, carbon, germania, polymer resins, and hydrogels. 10, 14, 15 Furthermore, unidirectional freezing of CNC dispersions has been shown to produce foams with aligned CNCs and anisotropic pores. 16 Similarly, tissue engineering scaffolds containing oriented CNCs may offer templating possibilities and guidance for directional cell growth and orientation-induced differentiation; 17, 18 however, applications such as these require near-perfect orientation. As such, having a straightforward and reproducible way to manipulate CNC alignment is crucial for further development of functional materials.
Within an individual cellulose nanocrystal, there is a high degree of molecular orientation and as such, external electromagnetic fields can encourage both linear and chiral nematic alignment. 19 Electric field alignment, while effective, requires CNCs to be suspended in nonpolar solvents to avoid complications arising from the high conductivity of water. [20] [21] [22] Given that CNCs are not colloidally stable in such media, coupled with the fact that organic solvents are discouraged in industrial processing, magnetic alignment may offer a more feasible route to produce controllably aligned CNC materials.
23-25
Sugiyama et al. were the first to show that the magnetic dipole of individual C-O, C-H, and O-H bonds, and their relative orientations in the cellulose polymer chain, led to a material with anisotropic diamagnetic susceptibility. 26 Furthermore, it was observed that the diamagnetic susceptibility is smaller in the direction parallel to the polymer chain axis compared to the perpendicular direction, characterizing cellulose more specifically as a negative diamagnetic anisotropic material. 24 Recently, this diamagnetic susceptibility has been calculated for dilute suspensions of CNCs (-0.95 × 10 -6 ), a value that agrees well with estimations from Pascal's additivity law. 27 Due to the liquid crystalline properties of CNC suspensions, the response in a magnetic field differs above and below the critical concentration. Below C*, given a strong enough field, CNCs should orient linearly perpendicular to the magnetic field to give long range uniaxial Such orientation leads to a uniform chiral nematic texture across the entire anisotropic fraction of the liquid, as demonstrated previously by circular dichroism and neutron scattering experiments. 28, 30, 31 The chiral nematic pitch (P), which describes the interparticle spacing and the resulting optical properties is defined as one full twist of the chiral nematic structure, and can be changed in a predictable manner by varying the ionic strength, CNC surface charge, or imposed magnetic field strength of a CNC suspension, providing a versatile way to control material performance.
32
Although magnetic alignment of CNCs in suspension has been demonstrated in the literature, the fundamental kinetics of alignment and the required field strengths remain largely unknown. Previously, strong magnetic fields (as high as 28 T 33 ) have been employed (sometimes for over 17 h 30, 33, 34 ) in order to create highly aligned suspensions or dried films of CNCs. 23, 24, [26] [27] [28] [30] [31] [32] [33] [34] [35] [36] [37] [38] Furthermore, past work has largely focused on the ordering of CNCs derived from tunicate (a marine invertebrate animal), which have a significantly higher aspect ratio than the CNCs produced commercially from wood pulp or the cotton source used herein. 39 As such, for the practical application of magnetic fields to obtain oriented CNC suspensions, a detailed understanding of the ordering of these anisotropic nanoparticles and the effects of field strength on alignment kinetics is crucial. In this work, we aim to address this gap in knowledge by studying the effects of CNC suspension concentration and magnetic field strength on the rate and degree of CNC alignment via in situ small angle x-ray scattering (SAXS). Overall we find that very fast initial alignment is achievable for cotton-derived CNC suspensions above C*, followed by slower cooperative alignment, even within relatively weak magnetic fields.
Experimental Section
Preparation and characterization of cellulose nanocrystal (CNC) suspensions.
CNCs were produced by sulfuric acid-mediated hydrolysis of cotton ashless filter aid (GE These CNC dimensions were used in subsequent SAXS modeling assuming a cylindrical geometry. Furthermore, the properties of our CNCs are very similar to the work of BeckCandanedo et al. 39 with acid-form CNCs extracted from black spruce wood pulp having dimensions of 147 ± 65 nm by 5 ± 0.4 nm with 0.33 charges per nm 2 and a C* of 4.8 wt%. As such, the CNC suspensions studied here are considered well below (1.65 wt%), slightly below (4.13 wt%), and above (8.25 wt%) the critical concentration required for liquid crystalline phase separation. This was confirmed with polarized optical microscopy (Supporting Information, Figure S1 ), showing the presence of chiral nematic tactoids in 8.25 wt% suspensions only.
Small angle x-ray scattering (SAXS).
Small-angle x-ray scattering (SAXS) experiments were performed on a Bruker Nanostar For alignment kinetic experiments, the samples were loaded into the capillaries using a large-bore syringe to fill from the bottom of the capillary. Capillaries were sealed with wax to avoid evaporation due to the vacuum environment in the instrument sample chamber, and immediately inserted into the in situ cell (with or without an applied magnetic field) within the SAXS instrument. This preparation process took 2 minutes, at which time data acquisition was initiated; note that some delay is unavoidable due to the pump-down time for the sample chamber. Times are reported with respect to the moment the sample was inserted into the magnetic field.
Two dimensional SAXS data was quantified in two main ways (η and S parameters); the I(χ) curve was fit phenomenologically to yield an ad-hoc order parameter (η) by fitting the curve to: [41] [42] [43] ( Equation 1) where χ 0 is the alignment direction, and C is a scaling constant, with η varying from 0 (isotropic) to 1 (fully anisotropic). Furthermore, an assessment of the orientation of the CNCs themselves, where the average occurs over the orientations of all entities with respect to the desired director (χ) was performed. With knowledge of the orientation distribution (f(χ)), the order parameter (S) is computed as: 
and -1/2 indicate varying amounts of (anti) alignment. It is important to note that SAXS does not differentiate between nematic and chiral nematic orientation and can only detect anisotropy in the beam direction; this means that although tactoids contain local order unless the CNCs themselves are preferentially aligned in the yz direction their orientation is undetected.
Additionally, in our case (and in contrast to some liquid crystal literature) an S value of zero does not mean no chiral nematic ordering but merely that order is not aligned globally in the yz direction. Plotted error bars and error intervals reported are calculated from the standard error of regression.
To track the kinetic changes in CNC structuring as a function of time both inside and outside the magnetic field, we have fit the time evolution of the scattering parameters measured Where τ 1 can be thought of as an "induction time" (i.e. the time for the auto-catalytic/ cooperative-ordering effects to arise) and τ 2 is the speed of the cooperative ordering itself; that is, it denotes how rapidly the system reaches the final (ordered, aligned) state once cooperative ordering begins. We characterize the overall timescale of the process as τ = τ 1 + τ 2 (which corresponds to when the evolution is 73% complete). This shape is suggestive of a cooperative ordering process in which organization accelerates as more material is well-ordered and seeds further assembly until a maximum ordering is eventually achieved. Further SAXS theory and data analysis pertaining to CNC suspensions is presented in the Supporting Information.
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Polarized optical microscopy (POM).
Optical micrographs were taken using a Nikon Eclipse LV100POL microscope. Digital images were taken between crossed polarizers at 10 times magnification of the bottom section of CNC suspensions sealed within flat capillary tubes (width = 10.0 mm, inner diameter = 1.0 mm).
Results and Discussion
We investigated the alignment of cotton-derived CNCs in a magnetic field, and extracted quantitative order parameters from in situ SAXS measurements. Figure 1 depicts the experimental setup, the liquid crystalline organization that CNCs adopt in suspension at concentrations above C*, and the expected CNC orientation in a magnetic field. As a control, the anisotropy of CNC suspensions outside of a magnetic field was investigated. Figure 2 shows one-dimensional SAXS data for CNC suspensions at concentrations of 1.65, 4.13 and 8.25 wt%.
Our CNCs have a C* between 4.13 and 5.5 wt%, as determined through polarized optical microscopy (Supporting Information, Figure S1 ), which agrees strongly with the work of BeckCandanedo et al., who determined a C* of 4.8 wt% for CNCs with similar properties, 39 such that chiral nematic orientation is only observed in the 8.25 wt% sample; all other concentrations tested (1.65 and 4.13 wt%) lie below C*. At high concentrations, we observe a distinct S(q) peak at low q (denoted q 0 in Figure 2) , indicative of ordering, as described in the Supporting
Information. The appearance of this peak is consistent with the literature 45, 46 and can be ascribed to the local particle-particle packing distance between nematic "pseudo planes" of CNCs, d 0 = 2π/q 0 (where the term "pseudo" is used in recognition of the fact that the sample remains a free flowing liquid). The structural order peak in Figure 2 shifts to lower q for more dilute suspensions (i.e.
lower CNC volume fractions), indicating larger inter-particle distances (d 0 = 37.8 ± 0.1 nm at
wt% and 45.4 ± 0.2 nm at 4.13 wt%). This result is consistent with observations by Schütz
et al. on CNCs from wood pulp, which showed separation distances increasing from 25 nm at 10.4 wt% to 51 nm at 2.1 wt%. 46 At the lowest CNC concentration tested (1.65 wt%), the S(q) peak is broad, indicative of weakly-ordered packing due to the low volume fraction of nanoparticles in suspension; 34, 46 as such, separation distances could not be accurately calculated. The development of CNC ordering over time was investigated by taking sequential SAXS measurements every minute on CNC suspensions placed inside the magnetic field. Figure   4 shows the development of the intensity peaks, inter-particle spacing, correlation length, and orientational order over 250 min for the 8.25 wt% CNC suspension (C > C*). By fitting timelapsed data similar to that shown in Figure 3 The observed trends in Figure 4 are ultimately related to the alignment of the CNCs perpendicular to the applied magnetic field. There is a shift and narrowing of the structural q 0 peak and an increase in scattering intensity over time, indicative of improved order (a larger fraction of CNCs packing in a well-defined manner). The corresponding particle packing distance d 0 increases, albeit less than 1 nm total, as ordering proceeds, indicative of the expected increase in local "free volume" as CNC suspensions transition from disordered to ordered and CNCs co-align with neighbors in nematic pseudo planes. Additionally, as tactoids grow the number of dislocations is reduced which will also contribute to a larger average spacing between particles. (The term "free volume" is used to indicate volume that could be occupied by CNCs 47 - this volume increases as rods co-align, as described by Onsager 6 .)
The correlation length (Scherrer coherence length) of CNC packing (ξ 0 , derived from the width of the primary structural peak as described in the Supporting Information) increases with time, implying a more well-defined assembly. Note that correlation lengths in this range mean that there are only a small number of CNC particles in each packing repeat (ξ 0 < 2d 0 ), which would normally imply rather poor ordering; however, the chiral nematic structure of CNC ordering means that the particle-particle scattering necessarily decorrelates over distances equal to the chiral nematic pitch. studied. This suggests that the magnetic forces on individual CNCs are not sufficient to yield aligned phases, and that cooperative ordering is required. Moreover, the lack of field-induced alignment even at concentrations where local organization (particle-particle interactions) is observed (Figure 2) , suggests that the presence of simple particle-particle interactions in suspension prior to the formation of a macroscopic liquid crystalline phase, is not sufficient for cooperative ordering. This result is significant for practical processing of CNCs, as rapid initial ordering of perturbed (disordered) suspensions may be desired, and a few minutes in a relatively weak magnetic field may produce a sufficient degree of CNC alignment depending on the desired application. Note that while some degree of ordering may be associated with shear alignment of CNCs during capillary filling, 19, 50 or capillary sidewall-induced alignment, the deliberate focusing of the SAXS x-ray beam on the central ~300 um of the ~800 um diameter capillary and the significantly lower amount of order detected in the 0 T experiment clearly indicates that the most significant driving force for alignment is the applied magnetic field. near-perfect alignment in < 200 min in a 0.56 T rare earth magnet for cotton CNCs above C*.
For the samples below C* tested here, no improvement in order is detectable at field strengths of 0.56-1.2 T, despite previous research which shows uniaxial alignment of CNCs from tunicates below C*. 26, 27 Cotton-Mouton experiments by Frka-Petesic et al. 27 demonstrated a plateau in the optical birefringence of dilute tunicin CNC samples while sweeping the field strength up to 17.5 T and back to 0 T over 30 min, although full alignment was only observed with the strongest field. The lowest field strength used for dilute tunicin CNC alignment previous to that was 7 T 26 ; however, alignment was only observed after evaporation, effectively concentrating the CNC suspension beyond C*. To the best of our knowledge, ordering of dilute suspensions of plant-derived CNCs in a magnetic field without subsequent evaporation has never been demonstrated. Cooperative ordering in a magnet, and lack thereof for cotton CNCs below C*, was also concluded by Tatsumi et al. who showed that the anisotropic phase of cotton CNCs led to their alignment within composites whereas the isotropic phase led to no such orientation under a 8 T field. 38 In our case, we believe that the detection of alignment was not feasible for the 4.13 and 1.65 wt% suspensions due to the relatively weak field strengths screened herein and the fast relaxation due to Brownian motion of particles in dilute suspension. As such, either much stronger fields, higher aspect ratio CNCs or more viscous suspensions are likely required for such alignment. Practically, this implies that it would not be industrially feasible to produce magnetically aligned systems from dilute suspensions of CNCs. We note that the phase diagram of the liquid crystalline behavior of CNCs shifts when polymers are grafted, 29 or when polymers that adsorb 53 or do not adsorb 54, 55 to cellulose are combined with CNCs in suspension, thereby reducing C* substantially. As such we predict that cooperative magnetic alignment of CNC composite materials containing other polymers, surfactants and additives can be achieved at lower overall CNC contents in relatively weak magnetic fields.
Conclusions
In conclusion, we have demonstrated the capacity to achieve near-perfect anti-aligned chiral nematic suspensions of CNCs at relatively low magnetic field strengths over short timescales (<200 min). This ordering occurs in two stages, with an initial partial alignment occurring within minutes followed by slower subsequent coarsening (reorientation of chiral nematic tactoids) indicative of a cooperative process, as demonstrated through both SAXS and POM observations. The alignment is faster at higher field strengths (τ = 175 min for 0.56 T, τ = 129 min for 1.2 T). Dilute suspensions of CNCs did not order appreciably over time when exposed to an external magnetic field, suggesting that the propensity of CNCs to order into chiral nematic textures is a pre-requisite for magnetic alignment under these conditions. We anticipate that these results -in particular the success of alignment under relatively weak magnetic fields, and the observation of fast initial ordering in response to increasing magnetic field strengthswill be highly relevant to the design and fabrication of aligned nanocomposites with enhanced mechanical performance, liquid crystals and dried CNC films with controlled optical properties, model surfaces for the study of fundamental cellulose-cellulose and cellulose-polymer interactions, and templates and scaffolds with controlled directionality (e.g. for tissue engineering).
Supporting Information. Polarized optical micrographs for different concentration CNC suspensions, modeling details of CNC alignment in a magnetic field as seen by small angle x-ray scattering, and calculation of order parameters. This material is available free of charge via the Internet at http://pubs.acs.org.
